m _ Appendix C 



doi:10.10Q6/Jmbi.2000.3512 available online at http^/www.ldealibrary.oom on IDf j^l v J. MoL BfoL (2000) 296, 833-649 

JMB (g) 

Guided Selection of a Pan Carcinoma Specific 
Antibody Reveals Similar Binding Characteristics yet 
Structural Divergence Between the Original Murine 
Antibody and its Human Equivalent 

Sigrid H. W. Beiboer 1 , Anneke Reurs 1 , Rob C. Roovers 1 
Jan-Willem Arends 1 ^, Nick R. Whitelegg 3 , Anthony R. Rees 3 
and Hennie R. Hoogenboom 1 * 

Antibody engineering provides an excellent tool for the generation of 
human imrnunother apeu tics for the targeted treatment of solid tumours. 
We have engineered and selected a completely human antibody to epi- 
thelial glycoprotein-2 (EGP-2), a transmembrane glycoprotein present on 
virtually all human simple epithelia and abundantly expressed on a variety 
of human <^rcmomas. We chose to use the procedure of "guided selection" 
to rebuild a high-affinity murine antibody into a human antibody, using 
two consecutive rounds of variable domain shuffling and phage library 
selection. As a starting antibody/ the murine antibody MOC-31 was used. 
After the first round of guided selection, where the V H of MOC-31 was 
combined in Fab format with a human V L C L library, a small panel of 
human light chains was identified, originating from a segment of the VkIII 
family, whereas the MOC-31 V L is more homologous to the VkII family. 
Nevertheless, one of the chimaeric Fabs, C3, displayed an off-rate similar to 
MOC-31 scFv, Combining the V L of C3 with a human V H library, while 
retaining the V H CDR3 of MOC-31, clones were selected using human V H 
genes originating from the rarely used V H 7 family. The best clone, 9E, 
shows over 13 amino acid mutations from the germline sequence, has an 
off-rate comparable to the original antibody and specifically binds to the 
"MOC-31 ' '-epitope on EGP-2 in specificity and competition ELISA, FACS 
analysis and irnmunohistc<hemis try . In both V L and V M of antibody 9E, 
three germline mutations were found creating the MOC-31 homologue 
residue. Structural modelling of both murine and human antibodies reveals 
that one of the germline mutations, 53Y in V H CDR2, is likely to be 
involved in antigen binding. We conclude that, although they may bind 
the same epitope and have similar binding affinity to the antigen as the 
original murine antibody, human antibodies derived by guided selection 
unlike CDR-grafted antibodies, may retain only some of the original key 
elements of the binding site chemistry. The selected human anti-EGP-2 
antibody will be a suitable reagent for tumour targeting. 
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Introduction 

By the expression of tumour-associated antigens 
(TAA), colorectal carcinoma (CRC) cells may be 
distinguished from their non-malignant counter- 
parts. Among the identified surface-bound TAAs is 
epithelial grycoprotein-2 (EGP-2), also known as 
COIT-IA antigen, KSA, EGP40 or Ep-CAM. The 
antigen, encoded by the GA733-2 gene, is a 38 kDa 
transmembrane protein that is present on human 
non-squamous epithelia and is highly expressed on 
their derived tumours* In the serum of patients 
suffering from carcinoma, EGP-2 could not be 
detected by MOC-31 (de Jonge et aL, 1993), one of 
the many murine monoclonal antibodies (mAbs) 
that have been generated against the EGP-2 anti- 
gen. Thus, the EGP-2 antigen is not shed into the 
circulation and is regarded as a suitable target for 
imaging and immunotherapy of carcinomas. In 
radioimmune detection (Balaban et aL, 1991; 
Kostermk et al., 1995), targeting of toxins or che- 
motherapeutic drugs (LeMaistre et aL, 1987; 
Zimmerrnann et al., 1997; EKas et al., 1994) and 
phase I and II clinical trials (Riethmuller et aL, 
1994, 1998; Elias et aL, 1990), murine mAbs were 
successfully used. These studies show the large 
potential of mAbs to EGP-2 in immunotherapy. 

In a previous study, we showed that the 
Mab MOC-31 has the lowest kinetic off-rate of a 
series of well-characterised anti-EGP-2 antibodies 
(Roovers et aL, 1998). The V-genes of this antibody 
have been cloned as single chain variable fragment 
(scFv) that competes with the original hybridoma 
antibody for binding to the antigen. The off-rate of 
the scFv is better than those of the bivalent 17-1A 
and 323/ A3 anti-EGP-2 antibodies, providing it 
with an essential characteristic for tumour reten- 
tion in vivo (Adams et al., 1998). Therefore, the 
V-genes of MOC-31 are very suitable for the 
rational design and generation of human antibody- * 
based immunotherapeutics for the treatment of 
solid tumours. 

A disadvantage of the use of murine antibodies 
for immunotherapy of human carcinomas is that 
during the repeated administration of the mAbs to 
patients, a human anti-mouse antibody (HAMA) 
immune response can be induced. This may cause 
rapid blood clearance of the mAbs and serum 
sickness, thereby reducing their efficacy (Khazaeli 
et aL, 1994). It is expected that human antibodies 
would evoke a more effective and compatible 
response with the patient's immune system. Mur- 
ine antibodies can be humanised by CDR-grafting 
(Jones et aL, 1986), where the hypervariable loops 
of the mAb are transplanted to a human antibody, 
thereby retaining the epitope and specificity. 
However, such CDR-grafted antibodies retain a 
large proportion of non-human sequences, which 
include the CDRs as well as framework residues 
that are sometimes retained because they are 
involved (in)directly in antigen binding (Foote &: 
Winter, 1992; Baca et al., 1997). Furthermore, 
humanisation by resurfacing (Roguska et aL, 1996) 



involves the retention of non-human framework 
sequences in all but surface located positions. In all 
instances/ some rodent antibody-derived sequences 
are still included in the humanised antibody and 
thereby may enable the mAb to provoke an 
immune response. In particular, the transplantation 
of CDR-Ioops with "non-human" canonical forms, 
such as canonical structures 1 and 5 of murine 
light chain loop LI (Tomlinson et aL, 1995) for 
which there is no human homologue, may assign a 
typical murine idiotype structure to the antibody- 
combining surface, as well as provide unique T-cell 
epitopes for HAMA induction. 

An alternative method, termed guided selection, 
has been developed to convert murine antibodies 
into completely human antibodies whh similar 
binding characteristics (Jespers et aL, 1994). In this 
method, the murine V domains are sequentially or 
in parallel replaced by human V domains, using 
phage selection to derive the human antibody with 
the best affinity. Two published examples demon- 
strate the power of this method. Figini et al. (1994) 
shuffled the Kght chain of a murine anti-hapten 
phenyl-oxazolone antibody, NQ10.12.5, with a 
repertoire of human heavy chains. After a second 
shuffle of the selected V H s with a repertoire of 
human V L s, entirely human antibodies were gener- 
ated. In a similar approach, starting with the mur- 
ine V H , a murine anti-TNFot (tumour necrosis 
factor) antibody was converted into a human 
version (Jespers et aL, 1994). 

The combination of shuffling of V-genes and 
selection on antigen provides a means to direct the 
isolation of a human V-gene pair with largely simi- 
lar binding characteristics as the starting antibody. 
In order to obtain a human anti-EGP-2 antibody 
with the same binding characteristics as MOC-31, 
which may be used for immunotherapy, we chose 
the method described by Jespers et aL (1994) for 
the humanisation of the MOC-31 mAb by guided 
selection. In two sequential chain shuffles, the mur- 
ine V L and V H were replaced by fully human anti- 
body V genes, while maintaining both specificity 
and affinity. The murine and fully human anti- 
bodies were modelled and structural analogies and 
differences are discussed* 

Results 

Humanisation of the light chain 

In the first guided selection step, we aimed to 
replace the murine light chain with a human ver- 
sion. The variable heavy chain gene of MOC-31 
was cloned into the pCESl Fab format vector (de 
Haard et aL, 1999) and the obtained chimaeric 
V H C H 1 was combined with k and X light chain 
libraries derived from human spleen separately, 
yielding two libraries of 10 8 clones (k) and 2 x 10 7 
clones (X). We chose to use spleen as a source of 
human V-genes to access maximal germline and 
somatic hypermutation diversity (of both IgM and 
IgG B cells). Phage were rescued and 8 x 10 12 
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transforming units (TU) of the k library were used 
for the first selection round. Schier et qL (Schier & 
Marks, 1996; Schier et (d., 1996) obtained higher- 
affinity monomeric scFv fragments on phage only 
by selecting in solution using limiting concen- 
trations of biotinylated antigen, followed by 
screening the selected binders for their in BIA- 
core. In order to obtain high-affinity antibodies to 
tumour antigen EGP-2, selections were performed 
on biotinylated EGP-2 with concentrations varying 
from 1 nM down to 10 pM (Table 1). After each 
round of selection, polyclonal phage was prepared 
and the frequency of binders to. EGP-2 was deter- 
mined in FT .ISA. The ELISA results in Table 1 
show that in all selection rounds binders were 
retrieved. Clones positive in ELISA and selected in 
the third round, were tested for their affinity in 
BIAcore: some Fabs show an off-rate similar to the 
starting antibody MOC-31 (Table 2). The V L -gene 
nucleic acid sequence of these clones was deter- 
mined and submitted to GenBank (accession num- 
bers: AF209862-AF209866). Alignment using V 
BASE, revealed that the light chains originate from 
the human VkHI family (Figure 1). No correlation 
can be found between the antigen concentration 
used for selection and the off-rate of the selected 
clones. For instance, clones CI, C5 and E4, which 
by sequencing appeared identical, were selected 
using an EGP-2 concentration of 1 nM (CI) and 
0.1 nM (C5) or a combination of these (E4, see 
Table 2). To produce more reliable off-rates, the 
Fabs with the lowest off-rates were produced in 
large amounts, purified and analysed in BIAcore. 
As shown in Table 2, the purified Fabs show an 
off-rate in the same range as MOC-31 (between 
10" 4 s _1 and 10 -3 s" 1 ). Clone C3 was chosen to 
guide the selection of the human . heavy chain. 
Compared to the sequence of the germline seg- 
ment, C3 shows 16 nucleotide and nine amino acid 
substitutions. 

As shown in Table 3, the selected human V L s 
have a different canonical structure for LI (fold 2) 
to that used by MOC-31 V L (fold 4). No differences 
in lengths or canonical loops were observed for 
CDRZ Three of the selected light chains used the 
same canonical structure for L3 (fold 1) as MOC- 
31. The structure for L3 of the other selected V L s 
(having one extra residue in L3) could not be deter- 
mined, since these chains have threonine at 
position 96, whereas fold 5 (with seven residues in 
the L3 region) uses proline at this position 



(Tomlinson et aL, 1995). Furthermore, no significant 
amino acid homology was found between the 
CDRs of the human V L s and those of the MOC-31 
V L (Figure 1). 

In parallel with the selections with the k library, 
selections were performed with the X library. No 
enrichment could be found after three rounds of 
selection and no EGP-2 binding clones were 
detected in ELISA. Most likely, for replacement of 
the murine k chain, there was no V H or antigen 
binding-compatible X light chain available in the 
human X repertoire. 

Humanisation of the heavy chain 

For the chain shuffling of the heavy chain, the 
selected human light chain of clone C3 was first 
cloned into pCESl not carrying any V H genes to 
avoid later contamination of the MOC-31 V H . 
Human V H genes were amplified from the RNA of 
human spleen using oligonucleotide H3-MOC-31- 
FOR, introducing the MOC-31 CDR3 in all 
sequences. This product was cloned as indicated in 
Materials and Methods into the C3-Iight chain con- 
taining vector, to create a library of 1.2 x 10 7 
clones. This was subjected to three rounds of selec- 
tion. Under stringent selection conditions (decreas- 
ing phage input titres and decreasing antigen 
concentration, as before), no human EGP-2 binding 
antibodies were identified. After three rounds of 
selection, EGP-2 binding antibodies were obtained 
using non-stringent conditions (phage input 10 12 
TU, 100 nM antigen). Figure 2 shows that all 11 
clones tested are specific for EGP-2, but signals do 
not reach values above 0.7. DNA sequencing of 
four EGP-2 specific clones (including clone 9E) 
revealed that these clones all contain the same 
V H . This V H was completely human and its DNA 
sequence was submitted to GenBank (accession 
number AF209860). V BASE sequence alignment 
showed it originated from the small but discrete 
V H 7 family (Willems van Dijk et al, 1993) with 23 
nucleotide and 13 amino acid mutations compared 
to the germline sequence (Figure 3). As shown in 
Figure 3, the amino add sequence in the CDR3 
and framework 4 regions of MOC-31 VH were 
retained during the shuffling. 

BIAcore experiments with the representative 
clone, 9E, purified from 0.5 litre of culture, show 
that it has an affinity of the same order of magni- 
tude as MOC-31 (Table 2). The human Fab 9E 



Table L Binding frequency of selected Fabs from k library 



[Ag] used during selection 




Round of selection 




(nM) 


1 


2 


3 


4 


1 (rdl); 1 (rd2); 1 (rd3); 1 (td4) 


4/30 


0/8 


12/16 


nd 


1 (rdl); 0.1 (rd2); 0.1 (rd3); 0.1 (rd4) 


4/30 


0/8 


11/16 


nd 


0.1 (rdl); 0.1 (rd2); 0.1 (rd3); 0.1 (rd4) 


0/32 


0/8 


7/16 


12/16 


0.1 (rdl); 0.01 (rd2); 0.01 (rd3); 0.01 (rd4) 


0/32 


0/8 


6/16 


0/8 


nd, not determined; rd, round. 




Figure 1 {legend opposite) 
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Figure 1. DNA and amino acid sequence alignment of selected human variable light chains and MOC-31 V L , 
(a) DNA sequence; (b) amino acid sequence. The DNA sequences of the of half human Fabs (mouse human 
Vl) and of MOC-31 are aligned to Vg/38 K, the human gennline gene with closest DNA sequence to the selected 
human light chains as deduced using V BASE (http://wwwjiux><rpexa^ / DN APLOTiitml). 

Framework (FR) and CDR regions are indicated. Numbering and loop regions (L1-L3) are according to structural cri- 
teria defined by Chothia (Chothia et cd., 1992; Tomlinson et al, 1992, 1995; Williams et of., 1996). ODRs are according 
to Kabat et al (1991). Silent mutations from gennline are indicated using small characters, t Th G DNA and amino 
acid sequence of clone CI are identical with those of clones C5 and E4. 



specifically binds EGP-2 positive cells as shown by 
FACS analysis (Figure 4) and competes with MOC- 
31 for binding to recombinant EGP-2 in ELISA 
(Figure 5). The Fab was also tested in irnmuno- 
rustochemistry and a similar staining was observed 
as shown by Hoovers et al. (1998): the Fab reacts 
with normal and malignant non-squamous epithe- 
lia and does not stain malignant tissue reported 
negative for the antigen (melanoma; data not 
shown; Herlyn et al., 1979). This confirms the speci- 
ficity. The variable chains of MOC-31 and 9E were 
modelled as described in Materials and Methods. 
The coordinates of the V-genes of MOC-31 and 9E 



were deposited in the PDB-database with the 
accession numbers ldx2 and ldx3, respectively. As 
shown in Figures 6 and 7 and discussed in more 
detail in Discussion, the structural modelling 
revealed large differences between the murine and 
the human antibodies, in particular between their 
light chains. 



Discussion 

We cloned the repertoire of human light chains 
into the phagemid pCESl containing the MOC-31 



Table 2. On and off-rates of (half) human Fabs and scFv MOC-31 



[Agp (nM) 



Clone" 


1st rd 


2nd rd 


3idrd 


WlO-'s" 1 ) 


^ ff <10^s^r 


A^IO* M -1 s- i r 


CI 


1 


1 


1 


1.5 


nd 




C5 


01 


0.1 


0.1 


1.6 


nd 




£4 


1 


0.1 


0.1 


1.2 


4.4 




G5 


0.1 


0.1 


0.1 


1.6 


3.6 




B3 


1 


0.1 


0.1 


1.8 


21 




C3 


1 


0.1 


0.1 


0.84 


3.0 


0.90 


C4 


1 


0.1 


0.1 


34 


nd 




9E d 


100 


100 


100 


nd 


4.4 


0.86 


MOC-31 e 


na 


na 


na 


nd 


5.7 


1.2 



* Clones selected in 3rd round. 

b The Ag concentration used in the selection round 1, 2 and 3. 
c Off-rate of purified Fabs and scFv as determined by BlAcore. 
a Fab 9E is completely human. 

* scFv MOC-31 is completely murine. 

na / not applicable; nd, not determined; rd, round. 
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7A 8A 8B 8D 8E 8F 9A 9B 9E 9F 10F 

Clone name 

Figure 2. Specificity ELISA of clones selected after second chain shuffle. The specificity of the selected Fabs was 
tested in an ELISA using plastic-immobilised bovine serum albumin, hen egg-white lysozyme, tetanus toxoid and 
EGP-2. Bound soluble Fab fragments from individual clones were detected with anti-myc tag antibody 9E10. 



V H . Since MOC-31 scFvs have a tendency to dimer- 
ise (Roovers et aJ., 1998), we used the Fab format 
for the humanisation. In this way, we can screen 
the antibodies for affinity rather than avidity and 
also select with less avidity-mediated problems for 
high affinity binders. We selected on soluble, bio- 
tinylated antigen using stringent selection con- 
ditions (low Ag concentration and low phage 
input). These selections yielded chimaeric murine 
V H /human V L antibodies with comparable off- 
rates as the parent scFv MOC-31. In contrast to 
the rapid and successful chain shuffling of the light 
chain, the shuffling of the heavy chain was 
more difficult: only by increasing the antigen 
concentration and the phage input could binders 
be selected. The lower expression yields of the 
fully human Fab 9E (34 ug/1) versus the Fab C3 



(80 ug/1) as well as its reduced affinity are most 
likely responsible for the higher antigen concen- 
tration required to select the phage antibody. This 
emphasises the importance of the empirical 
approach for determining optimal conditions for 
affinity-selections. 

Sequence alignment using V BASE showed that 
MOC-31 V L has more homology to the VkII family 
than to the VkIII family from which the selected 
human light chains originated. Thus, unlike other 
examples (Figini ex al., 1994; Salfeld et al, 1997), the 
light chain guided selection did not yield the most 
homologous human counterpart sequence. Never- 
theless, there are signs of amino acid conservation 
between the MOC31 V L and the selected human 
V L s. Remarkably, the most abundant clones, CI, 
C5 and E4, which are selected on different antigen 



Table 3. V-gerte classifications and structural predictions of the CDR-loops of V-genes 






No. of mutations from germline* 




Canonical structure 7 








Human V-gene 












Closest human" 


V-gene 


family* 


Nucleotides 


Amino acids 


LI 


L2 


L3 


germline gene 




VkIH 


11 


4 


2 






3A9 


G5 


VkIH 


11 


4 


2 






Vg/3SK 


E3 


win 


11 


5 


2 






Vg/38K 


C3 


vicm 


16 


9 


2 






3A9 


C4 


Vicffl 


16 


8 


2 






Vg/38K 


VL MOC-31 


VkH 


109 


44 


4 






DKK13/OH 


9B 


V„7 


23 


13 


1 


2 


NA 


VL4.1b 


VH MOC-31 




70 


26 


1 


2 


NA 


YAC-10/ld37 



* V-gene families and closest human germlines (for MOC-31) were deduced from V BASE. 
b Germline genes used are Vg/38K for the light chains and VJ-4.1b for heavy chains. 

c Canonical structures were assigned according to Chothia et al. (1989, 1992). Selected human V L s were assigned in combination 
with MOC-31 V H . Selected human V H (9E) was assigned in combination with the V L of C3. 

d The DNA sequence and therefore the V-gene classifications and structural predictions of CDR-loops of clone CI are identical 
with clones C5 and B4. 

? No canonical of the same loop length could be found using webpage http://wwwhiochem.ud.ac.uk/ ~ martin/abs/ 
chothia.html. But according to Tomlinson et al. (1995) canonical structure 5 might be assigned to 13 of these clones. 
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concentrations and are identical at the nucleotide 
level, are completely germline in sequence except 
for two mutations in FR3. At both sites, the germ- 
line residues are replaced by equivalent residues 
present in the original MOC-31 V L sequence 
(A60D; S77R; Figure 1). The V u of another selected 
clone, C3, shows the same mutations as well as a 
similar type mutation in FR1 (T10S). Of all selected 
human light chains, the V L of clone C3 has both 
the highest level of amino add substitutions from 
germline (Table 3) and the highest level of amino 
acid homology to MOC-31 V L . This may well indi- 
cate the involvement of some of these residues in 
antigen binding. Structural modelling of scFvs 
MOC-31 and 9E (which carries the C3 light chain; 
see Figure 6) revealed that 60D is quite close (6 A) 
to 54R in the L2 loop, but faces the other way and 
hence cannot form a salt bridge with it The confor- 
mation of its side-chain, however, is similar to that 
in MOC-31. The other germline mutations are in 
the same conformation in both MOC-31 and 9E 
and appear to be largely unimportant, being 
framework residues distant from the CDRs which, 
additionally, point sideways or interact only with 
the framework. As shown in Figure 6(c) and (d), 
the exposed residues 24R, 27K, 31H, 93E present in 
the MOC-31 V L were not retained in C3-V L except 
for 24R, but this residue is projected from the side 
of the Fv and is therefore unlikely to be involved 
in antigen binding. In the humanised C3 light 
chain the exposed residues are 24R, SOD, 54R, 91R 
and to some extent 28S, 306 and 32Y. Residue 54R 
is projected downwards and sideways, away from 
the binding site (not shown in Figure 6). When we 
compare the side views of both Fvs, we observe 
the bulky residue 94W in the centre of 9E (see 
Figure 6(b) and (d)), which is absent in MOC-31 
(Figure 6(a) and (c)). These observations suggest 
that for the light chain guided selection, sequence 
homology is not required to maintain an antigen- 
antibody interaction with the same or similar 
kinetics of binding. This may be caused by the 
often-dominant role of the heavy chain in antigen 
binding. 

Sequence alignment using V BASE of the V H 
of MOC-31 showed mat this chain has the high- 
est homology with germline YAC-10/ld37 of the 
human V H 7 family. Indeed, the selected human 
heavy chain of clone 9E originated from the V H 7 
family, albeit from a different germline segment 
(VI-4,lb). It differs only moderately from the 
murine MOC-31 V H (Table 3), in total in 29% 
(26/90 residues, in which the 90 are encoding 
the region after the FRl-part encoded by the 
PCR-primers and up to and including FR4). The 
antibody models were used to investigate poss- 
ible common features around the antibody com- 
bining site. The main structure of the heavy 
chain CDR3 was, as expected, maintained. For 
example, from Figure 6(e) and (0 it is clear that 
the heavy chain residues 98K and 100D are bur- 
ied in both antibodies. Of the 13 amino acid 
germline mutations found in 9E, three are 



mutations mat create the MOC-31 homologue 
residue (A33G in CDR1, N53Y in CDR2 and 
S82aN in FR3). As shown in Figure 6, of the 
exposed residues 53Y, 56E and to some extent 
28T in MOC-31 V H , only 53Y is retained in 9E- 
V H , suggesting the involvement of this residue 
in antigen binding. The superunposition of the 
binding sites of both antibodies, shown in 
Figure 7, reveals that some residues have very 
similar positions and that they are actually in 
corresponding positions in the CDR loops. In 
particular, this is very obvious for the V H resi- 
dues at positions 53 and 56. The pattern of 
mutations and the fact that a non-homologous 
human V L and a human heavy chain with close 
homology to its MOC-31 counterpart were 
selected, suggest that the heavy chain of MOC- 
31 is more essential for the specific binding of 
the antibody to EGP-2 than the light chain. 
Thus, the guided selection procedure yields a 
human antibody with similar binding character- 
istics as the . original murine MOC-31 antibody, 
yet with minimal structural conservation. This 
contrasts with the data from Figini ef al. (1994), 
in which an anti-phenyl-oxazolone antibody was 
humanised with the same procedure; in this 
case, six/seven of the putative contact residues 
were retained in the fully human version. The 
structural solution to the recognition of a par- 
ticular epitope within a larger protein antigen is 
less stringent For example, rrunimal structural 
homology has been noted in two anti-influenza 
virus neuraminidase antibodies binding to over- 
lapping epitopes (Maiby et ah, 1994). This 
reduced stringency on conservation of critical 
binding site residues within the antibody-protein 
antigen interaction, apparently allows structural 
divergence of antibodies obtained by guided 
selection, 

Using the humanisation technique of guided 
selection, we have isolated a fully human anti- 
body directed to EGP-2. Since 1994, several 
groups have used the guided selection technique 
to obtain human antibodies by sequential chain 
shuffling (Salfeld et ah, 1997; Figini et ah, 1998; 
Rader et al., 1998; Watzka et ah, 1998). Watzka 
et al. (1998) reported that the second shuffle (of 
the V H ) led to the selection of a humanised anti- 
body, which recognised an epitope present only 
on the immobilised (coated) antigen. In principle, 
the modulation of fine-specificity may be caused 
by the possible different chemical interactions 
with a similar area on the antigen. However, in 
this case it appears that a suboptimal selection 
procedure has interfered with the structure of 
the epitope, causing failure of the guided selec- 
tion procedure, and selection of antibodies to 
completely different epitopes on the antigen. 
Since the heavy chain CDR3 is the main loop 
involved in antigen binding and its species ori- 
gin cannot be traced easily due to its highly 
diverse nature, several groups have opted to 
maintain this loop in the guided selection pro- 
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Cell fluorescence intensity 

Figure 4. Binding of soluble scFv MOC-31 and Fabs C3 and 9E to CaCQ^ cells in flow cytometry. Thin line is nega- 
tive control (9E10); thick line is binding of scFv MOC-31; (...) half human Fab C3; (---) human Fab 9E. 



cedure. Similarly, we have succeeded in huma- 
nising an anti-CD30 antibody, which had the 
same epitope specificity as the original murine 
Ki-4 antibody, by retaining only the murine 
heavy chain CDR3 (Klimka et aL, unpublished 
results). Rader et aL (1998) humanised the mur- 
ine antibody LM609 (directed to human integrin 
Ovfe) by guided selection, retaining the murine 
CDR3s of both heavy and right chain. In con- 
trast/ our data suggest that it may not always 
be necessary to maintain the CDR3 of the mur- 
ine light chain during the guided selection, as 
was suggested by Rader et al» (1998). Thus, 
guided selection of rodent antibody V-genes pro- 
vides a powerful tool for interspecies conversion 
of antibodies. Due to the different chemistry of 
the human antibody-antigen interaction, it can 
be envisaged that in some cases guided selection 
may alter the antibody-mediated triggering or 
signal transduction of the starting rodent anti- 
body (Le. antibody intemalisation, receptor cross- 
linking). Therefore, any resulting antibody will 
need to be screened for loss (or gain) of such 
secondary binding feature. 

In conclusion, we have obtained a high-affinity 
antibody that specifically binds EGP-2 as con- 



firmed by FACS analysis, immumhistocnemistry 
and specificity ELISA and may be useful for 
tumour targeting studies. For instance, bispecific 
antibodies can be generated by combining the iso- 
lated human ot-EGP-2 antibody with an <x-CD3 
antibody- Together with co-stimulatory signals 
these bispecific antibodies can be used to provide 
T cells with tumour specificity and cytotoxic poten- 
tial (Kroesen et ah, 1994). Recently, such a bispecific 
molecule was synthesised: the V-genes of MOC-31 
were combined with those of an ot-CD3 antibody. 
This diabody was capable of retargeting T cells to 
lung cancer cells in vitro (Helfrich et al, f 1998). 
Thus, the human ct-EGP-2 antibody may be suit- 
able as a building block for the generation of 
immunotargeting therapeutics such as immuno 
toxins, immunocytokines or bispecific, whole or 
radiolabelled antibodies. 



Materials and Methods 

Escherichia coif strain 

Escherichia coli TGI: K12, D(lac-pro), supE, thi, hsdD5/F 
traD36, proA + B+, lacF, ZacZDMlS. 



Figure 3. DNA and amino acid sequence alignment of the selected human variable heavy chain and MOC-31 V H . 
(a) DNA sequence; (b) amino acid sequence. The DNA sequence of the human heavy chain from the selected anti- 
EGP-2 clone and of MOC-31 are aligned to VI-4.1b, the human germline gene with closest DNA sequence to the 
selected human heavy chain as deduced using V BASE (hrtp://www.mrc<pe.cam.^ 

PLOT.html). Framework (FR) and CDR regions are indicated. Numbering and loop regions (H1-H3) are according to 
structural criteria defined by Chothia (Chothia et a!., 1992; Torrdinson et aL, 1992, 1995; Williams et aL, 1996). CDRs 
are according to Kabat et aL (1991). Silent mutations from germline are indicated using small characters. 
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Figure 5. Competition ELBA. Binding of Fab 9E 
phage antibody to recombinant EGP-2 in the presence of 
(A) no competing antibody, (■) an excess of an irrele- 
vant antibody (UIC2, artti P-giycoprotein hybridoma) or 
(#) the MOC-31 whole antibody. 



M-PBST (PBS, supplied with 2% (w/v) skimmed milk 
powder and 0.1% (v/v) Tween-20). Meanwhile, 100 pi 
of Strep tavidin-conjuga ted paramagnetic beads (Dynal, 
Oslo, Norway) were incubated on a rotator wheel for 
two hours in 2% M-PBST. Different amounts of biotiny- 
lated EGP-2 were added to the pre-incubated phage (for 
the V L -shuffle: 10 12 TU for round 1, 10 11 TO (or sub- 
sequent rounds; for the Vn-shuffle: 10 12 TU) and incu- 
bated an a rotator wheel for 30 minutes. Next, beads 
were added and the mixture was left on the rotator 
wheel for 15 minutes. After 14 washes with 2% M-PBST 
and one wash with PBS, phage particles were eluted 
with 950 ul of 0.1 M triemylajnine for five minutes. The 
ehiate was neutralised by the addition of 0.5 ml of 
Tris-HCl (pH 7S) and was used for infection of log- 
phase £. coli TGI cells. The TGI cells were infected for 
30 minutes at 37 *C and were plated on 2xTY (16 g 
Bacto-trypton, 10 g Yeast-extract and 5 g NaCl per litre) 
agar plates, containing 2% (w/v) glucose and 100 ug/ml 
ampkillin. After overnight incubation at 30 °C, the colo- 
nies were scraped from the plates and used for phage 
rescue as described (Marks et al, 1991). 



EUSA and kinetic measurement using SPR 
In BtAcore 



Humanisation of light and heavy chains 

The V-genes of MOC-31 were cloned in the phage- 
mid pCESl Fab format vector (de Haard et al., 1999). 
The ApaU'Ascl fragment of the cloned V,C L was 
replaced by the VlC^s from a library (9 x 10* clones), 
which was prepared from total RNA isolated from a 
human spleen using random primers (Promega) for 
the preparation of cDNA. For the 2nd round of chain 
shuffling, the selected human V^C^ was combined 
with a human V H library. To retain the heavy chain 
CDR3 of MOC-31 the H3 MOC-31-for-primer (S'-ACT 
CGA GAC GGT GAC CAG GGT ACC TIG GCC 
CCA GTA GTC CCC CTT AAT AGC GAA TCT TGC 
ACA G(AT)A ATA CAC GGC CGT GTC-3') was used 
with an equimotar mixture of VHBACKSfi primers (de 
Haard et al, 1999) for PGR amplification of the V„ 
genes from cDNA derived from a human spleen (de 
Haard et al. t 1999). The cDNA was prepared from 
total RNA using random primers (Promega) as 
described (de Haard et al., 1999). The PCR products 
were cloned as a Sfil-BstEH fragment in pCESl con- 
taining the selected human light chain and . a human 
gamma-1 C H 1 gene fused to filamentous phage gene 
III, as described by de Haard et al (1999). 

Affinity selection 

Recombinant EGP-2 was expressed in the baculovirus 
system as described (Strassburg et al, 1992; a kind gift 
from Professor D. Herlyn (the Wistar Institute)) and was 
biotinylated with NHS-SS-biotin (Pierce) according to the 
manufacturer's descriptions. The biotinylated EGP-2 was 
tested with MOC-31 on a strep tavi din-coated sensorchip 
in BIAcore2000 (Biacore AB, Sweden). Selections were 
performed on biotinylated EGP-2 as described by 
Hawkins et a!. (1992) with some modifications: phage 
were incubated on a rotator wheel for one hour in 2% 



Soluble scFvs and Fabs were produced as described 
(Roovers et al, 1998). 

EUSAs and kinetic measurements using SPR in a 
BlAcore™2000 instrument (BIAcore AB, Uppsala, Swe- 
den) were performed as described by Roovers et al, 
(1998). For the specificity ELBA, wells were coated 
with 10 |ig/ml bovine serum albumin (Sigma) in PBS, 
3mg/ml hen egg-white lysozyme (Boehringer Man- 
nheim) in 0.1 M NaHCO, (pH 9.6), 10 pg/ml tetanus 
toxoid in 0.1 M NaHCO^ (pH 9.6), or with 05 ug/ml 
EGP-2 in PBS. For the competition EUSA, Fab anti- 
bodies expressed as pIQ fusions on the tip of bacterio- 
phage were detected in the presence of excess whole 
antibody as described (Roovers et al., 1998). Approxi- 
mately 10 13 colony-forming units (cfu) of phage (and 
twofold serial dilutions thereof) were mixed with 50 ul 
of hybridoma supernatant containing approximately 
1 ug/ml whole antibody. For affinity measurements, 
the non-biotinylated antigen was covalently coupled to 
a CM-5 sensorchip (BIAcore AB, Uppsala, Sweden), 
resulting in a surface of 500 resonance units (RU). All 
kinetic measurements were performed on this antigen 
surface. Using TBS (20 mM Tris (pH 7.4), 150 mM 
NaCl) containing 2 mM MgCia and 0.01% (v/v) 
Tween-20 as a running buffer, the Fabs/scFvs were 
passed over the sensorchip at a flow rate of 20 ul/ 
minute at 25 °C. The rate constant (k off ) was obtained 
by direct fitting according to a single-site model, 
using the BIAevaluation 2.1 software (BIAcore AB, 
Uppsala, Sweden). The off-rates (* off ) of 9E and MOC- 
31 are, respectively, an average of eight and five 
curves made with different antibody dilutions. Associ- 
ation rates (k^ were determined from a secondary 
plot of (fc, = £ n x C + JCoh) versus antibody concen- 
tration (C). 



DNA sequence analysis 

The nucleotide sequences of the selected Fabs were 
determined using the dideoxy sequencing method of 
Sanger. Products of the sequencing reaction were ana- 
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Figure 6 (legend shown on page 833) 



tysed on a semi-automated sequencer (Alf Express, 
Pharmacia). Oligonucleotides used were pUC- 
REVERSE: 5'-CAG GAA ACA GOT ATG AC-3' and 
CH1FOR: 5'-GTC CTT GAC CAG GCA GCC CAG 



GGC-3'. Alignments of V gene sequences were per- 
formed using V BASE on webpage http://www.mrc- 
cpe.cam.ac.uk/imt-doc/restricted/DNAPLOT.html. 
Canonical class assignments were performed using 
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Figure 6. Connolly solid-surface structured of the monoclonal M0031 and the human Fab 9E. The variable chains 
only are shown. The CDRs of V H are coloured orange and those of V L are yellow. Positively charged residues (Arg 
and Lys) are coloured cyan and negatively charged residues (Asp and Glu) are coloured red. Asn and Gin residues 
present in CDRs are coloured magenta. The MOC-31 light chain histidine at position 31 is coloured blue, (a) and (b) 
The opposite side view of (c) and (d), respectively, (e) and (f) Top views showing the antigen binding site, (a), (c) 
and (e) MOC-31; (b), (d), and (f) 9E. The Connolly structures were generated using the program Insight-II 97.0 (MSI) 
and show the solvent-accessible, rather than the van der Waal surface. 



846 



Human Antibodies to Epithelial Qlycoprotein-2 




Figure 7. Superimposi tion of the antigen binding sites of the monoclonal MOC31 and the human Fab 9E. The vari- 
able chains only are shown. The two models were superimposed using least-squares fitting on conserved framework 
regions adjacent to the CDRs. Residues with similar positions are shown in red (9E) or green (MOC-31). 



webpage http: / / www.biochern.ucl.acuk / ~ martin/ 
abs/ chothiaJtfml. 



Structural modelling 

The antibody modelling software that incorporates the 
following methods is described in detail on the webpage 
http: / /antibody. bath.ac.uk 



Building the framework and canonical CDRs 

The framework and canonical CDR backbones were 
modelled by an improved version (N.KW. & A.R.R., 
unpublished) of the original AbM algorithm (Martin 
et ah, 1989). As a result of studies which showed that cer- 
tain residue positions in canonical loops were conserved 
in chi-1 angles, the side-chains of those positions were 
built using maximuirHOverlap, rather than using the 
CONGEN iterative side-chain placement algorithm 
(Bruccoleri & Karplus, 1987). The non-conserved side- 
chains were not built at this point but were built simul- 
taneously with the non-conserved H3 side-chains (see 
below). 



Building non-canonical non-H3 CDRs 

These were built using a modified version (Whitelegg, • 
1999; N.R.W., Searle & A.R.R, unpublished) of the com- 
bined antibody modelling algorithm (CAMAL; Martin 
et a/., 1989). Of special note are the force field modifi- 
cations in which the stand-alone implementation of VFF 
(Dauber-Osguthorpe et aL, 1988) was used to energy- 
screen the generated conformations, instead of Eureka. 
In addition, the candidate conformations were energy- 
minimised using VFF. 



BuHding H3 loops 

Recent studies have shown that in the many instances, 
CDR-H3 loops exhibit a "kinked" C-terminal region 
(Shirai et al, 1996; Morea et al t 1998). The kink is deter- 
mined by a number of sequence-based rules, and the 
antibodies modelled here conformed to those rules. 
These features were added to CAMAL and taken into 
account in the following way when modelling H3 loops. 
First, the C-alpha to C-alpha database search (Martin 
et aL, 1989) was performed, using only the set of kinked 
H3 crystal structures to derive the C-alpha to C-alpha 
distance constraints (in order to bias the database hits in 
favour of kinked structures). Trie database hits were then 
subjected to energy minimisation after grafting, to mini- 
mise poor loop/framework joins. Subsequently, the 
CONGEN (Bruccoleri & Karplus, 1987) and the Go and 
Scheraga chain closure algorithm (Go & Scheraga, 1970) 
were used to rebuild a five-residue segment at the apex: 
of each database loop. Finally, each conformation was 
subjected to minimisation by VFF (Dauber-Osguthorpe 
et aL, 1988) to relieve any residual high energy in the 
loops, and the lowest energy loops, as measured by VFF, 
were clustered using RMSD as the criterion. 



Final screen 

To select the final H3 backbone conformation, a screen 
based on similarity (measured by RMSD) to the known 
structures of the particular H3 length being modelled 
was used. It has been observed that certain length H3 
loops have similar conformations in the majority of 
examples, notably eight and ten residue loops. A simi- 
larity score for each of the clustered conformations was 
calculated: Score = £,n ic©^ struct* AU m * where d x is 
the RMS deviation between the model and structure x, 
and m x is the sequence similarity (using the MDM 
matrix, Schwartz & Dayhoff, 1978) between the sequence 
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of the model and structure x. The structure being mod- 
elled was excluded from the list of known structures 
while performing this screen. Finally, side-chains were 
modelled using the dead-end elimination algorithm (see 
below). 



H3 and non-conserved side-chain modelling 

The final stage was to build side-chains on the 
selected backbone model Analyses of antibodies have 
shown that for certain residue types, the chM values 
of the four C-terminal H3 residues are conserved 
(N.R.W. & A-R-R., unpublished results). Therefore, 
these were built using the average observed chi-1 
values. For the chi-2 of these residues, either the 
extended conformation was used or the mean of fre- 
quently observed (64-88%) values was used, depend- 
ing on whether the chi-2 was conserved for that 
residue type and position. All remaining H3 and 
canonical non-conserved side-chains (as well as all 
side-chains on the non-canonical non-H3 loops) were 
built simultaneously on the final selected backbone, 
using a modified version of the dead-end elimination 
algorithm (Lasters et a!., 1995). In this procedure an 
attempt is made to find a global minimum by succes- 
sively eliminating rotamers from a rotamer library 
which have a higher "lowest" energy of interaction 
with 1 their environment man the "highest" energy of 
interaction of the other rotamers for that residue. The 
Connolly structures (Connolly, 1983) were generated 
Using the program Insight-II 97.0 (MSI) and the 
images shown are of the solvent-accessible surfaces, as 
opposed to the van der Waals surfaces. 



FACS analysis and immu no histochemistry 

Fabs and scFvs were tested by FACS analysis for 
specific binding to EGP-2 positive cells as described 
by Henderikx et a!.. (1998) with some minor modifi- 
cations. The colon cell line CaC0 2 (American Type 
Culture Collection, RockviUe, MD) was stained using 
scFv (MOC-31) or Fab (clones C3 and 9E) periplas- 
matic fractions. After the last incubation with FITC- 
conjugated rabbit anti-mouse (DAKO, Glostrup, Den- 
mark; diluted 1:50 in incubation buffer), detection of 
bound scFvs or Fabs was performed by means of 
flow cytometry on a FACScalibur (Becton Dickinson) 
and results were analysed with the CELLQuest pro- 
gram (Becton Dickinson). 

Fabs were tested inunurtohistochemkany as described 
for scFv by Roovers et ai. (1998). 
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